Context. Observationally, the quenching of star-forming galaxies appears to depend both on their mass and environment. The exact cause of the environmental dependence is still poorly understood, yet semi-analytic models (SAMs) of galaxy formation need to parameterise it to reproduce observations of galaxy properties. Aims. In this work, we use hydrodynamical simulations to investigate the quenching of disk galaxies through ram-pressure stripping (RPS) as they fall into galaxy clusters with the goal of characterising the importance of this effect for the reddening of disk galaxies. In particular, we compare our findings for the mass loss and evolution of the star formation rate in our simulations with prescriptions commonly employed in SAMs. We also analyse the gaseous wake of the galaxy, focusing on gas mixing and metal enrichment of the intracluster medium (ICM). Methods. Our set-up employs a live model of a galaxy cluster that interacts with infalling disk galaxies on different orbits. We use the moving-mesh code AREPO, augmented with a special refinement strategy to yield high resolution around the galaxy on its way through the cluster in a computationally efficient way. Cooling, star formation, and stellar feedback are included according to a simple sub-resolution model. Stellar light maps and the evolution of galaxy colours are computed with the stellar synthesis code FSPS to draw conclusions about quenching timescales of our model galaxies. Results. We find that the stripping models employed in current SAMs often differ substantially from our direct simulations. In most cases, the actual stripping radius of the simulated disk galaxies is larger than assumed in the SAMs, corresponding to an over prediction of the mass loss in SAMs. As long as the disk is not completely stripped in peaks of RPS during pericentre passage, some gas that remains bound to the galaxies is redistributed to the outer parts of disks as soon as the ram pressure becomes weaker again, an effect that is not captured in simplified treatements of RPS. Star formation in our model galaxies is quenched mainly because the hot gas halo is stripped, depriving the galaxy of its gas supply. The cold gas disk is only stripped completely in extreme cases, leading to full quenching and significant reddening on a very short timescale. Depending on the inclination angle, this can light up a galaxy for a few hundred Myrs until all of the gas is stripped or consumed and star formation drops to almost zero, suggesting a typical quenching timescale of ∼200 Myr. On the other hand, galaxies experiencing only mild ram pressure actually show an enhanced star formation rate that is consistent with observations. Stripped gas in the wake is mixed efficiently with intracluster gas already a few tens of kpc behind the disk, and this gas is free of residual star formation.
Introduction
Galaxy surveys have shown that the quenching of disk galaxies mainly depends on their mass and environment (Peng et al. 2010; Schawinski et al. 2014) . However, the question of the physical mechanisms behind quenching still persists, and especially the environmental dependence, which also gives rise to phenomena such as 'galaxy conformity' (Weinmann et al. 2006; Kauffmann et al. 2013) , is not well understood. Since the density of the environment seems to play an important role, and the merger cross section is small in galaxy clusters owing to the high relative velocity dispersion, classic ram-pressure stripping (RPS, e.g. Gunn & Gott 1972) , the removal and possible compression of parts of the gas disk due to interaction with the intracluster medium (ICM), remains one of the main candidates responsible for environmental quenching of disk galaxies. Indirect evidence for RPS in action are asymmetries and truncated radial density profiles (e.g. Merluzzi et al. 2013; Chung et al. 2009 ) observed in many systems, which cannot be easily reproduced by pure 'starvation' scenarios (the removal of the extended gas reservoir that refuels the disk with gas available for star formation (SF); e.g. Larson et al. 1980) . Furthermore, starvation cannot modify the colours of galaxies on sufficiently short timescales, unlike RPS (Boselli et al. 2009 ).
It hence is plausible that the evolution of a galaxy strongly depends on the strength of ram pressure (RP) it experiences. Observations (e.g. Boselli et al. 1997; Vollmer et al. 2001a; Scott et al. 2010 ) often suggest only rather mild RPS acting on galaxies with atomic hydrogen only partly removed and slightly displaced from the stellar disk. Correspondingly, SF is slowly quenched and only slightly enhanced at the compressed interface between the intracluster and intrastellar media. High resolution observations (e.g. Abramson & Kenney 2014) have shown that dense gas clouds can stay in place even beyond the stripping radius, whereas the surrounding, diffuse and less dense gas is stripped. However, those clouds continue to form stars at a very low rate, contributing at most a few percent of the pre-stripping Article number, page 1 of 22 arXiv:1604.05193v1 [astro-ph.GA] 18 Apr 2016 A&A proofs: manuscript no. paper SFR, meaning that SF effectively ceases as soon as the gas with low density is stripped.
On the other hand, in very massive clusters (with ρ ∼ 10 −24 g cm −3 and galaxy velocities v > 1000 km s −1 ), extreme RP values can occur. In such cases, galaxies are significantly deficient in HI and have asymmetric morphologies (e.g. Boselli & Gavazzi 2006; Fumagalli et al. 2014; McPartland et al. 2016 ). Those galaxies are sometimes increasing their SF, becoming temporarily brighter than even the BCG of the cluster (e.g. Ebeling et al. 2014) . Although this is only expected to occur rarely and only in very massive clusters, several such cases have been discovered (e.g. Owen et al. 2006; Cortese et al. 2007; Owers et al. 2012; Ebeling et al. 2014) . This indicates that shock compression of the interstellar medium (ISM) may induce starbursts. Also, the stripped gas can form stars in a knot-like structure in the wake of the galaxy, hence a so-called "fireball" galaxy is formed. A few prominent examples of such fireball galaxies have been observed (e.g. Kenney et al. 2014; Yoshida et al. 2008; Hester et al. 2010; Yagi et al. 2010) . They all show bright star-forming knots in the stripped wake of the galaxy. However, detailed observations of the gaseous tails (Boissier et al. 2012) show that the SF efficiency in the stripped tail is ten times lower than in the disk itself and, in most cases, close to the detection limit. This is broadly consistent with the expectation that stripped gas should not become dense enough to form stars, but it is not clear whether the higher density and pressure encountered in more massive clusters could change this and provide enough compression to stimulate SF in the wake (e.g. Kapferer et al. 2009; Tonnesen & Bryan 2012) .
Apart from being interesting in its own right, RPS is likely to be an environmental effect that is very important for galaxy formation. Semi-analytical models (SAM) of galaxy formation (e.g. De Lucia et al. 2004; Guo et al. 2011; Benson 2012) need to parameterise many physical processes to correctly reproduce basic galaxy properties such as the observed stellar mass function. One of these processes is RPS, otherwise the colour distribution of galaxies in clusters or the satellite abundance in Milky Way-sized galaxies cannot be explained. Star formation in SAMs is usually implemented by transforming the cold gas on a characteristic timescale into stars. The timescale is effectively determined by translating a gas surface density into a SF density, guided by the phenomenological relation of Kennicutt (1998) . Parameterising RPS is however much more uncertain. Often, only the stripping of the hot halo gas is taken into account (e.g. Guo et al. 2011) , but implementations that consider the stripping of gas disks also exist (e.g. Tecce et al. 2010) . In most cases, these prescriptions, therefore, rely on the standard Gunn & Gott (1972) criterion or slight variations for calculating the stripping radius and corresponding removal of gas from the disk.
In this study, we carry out hydrodynamical simulations of galaxies undergoing RPS in a realistic cluster environment, as well as control simulations of the same galaxies in isolation. We do this, in particular, to compare the stripping radius obtained from our simulations with the theoretical prescriptions used in SAMs. These models are commonly producing a fraction of red satellite galaxies that is too high, possibly related to an overestimation of environmental effects and, hence, too rapid quenching (e.g. Kimm et al. 2009; Guo et al. 2013; Wang et al. 2014 ). Here, we provide an important test and possible improvements for gas removal and quenching models. In this context, we investigate how fast galaxies, depending on their mass as well, are quenched purely by RP. Using the colour evolution of our model galaxies, we determine quenching timescales that can be compared to observational constraints. We are also interested in the question of whether the observed cases of "fireball" galaxies undergoing extreme RPS can be reproduced. Finally, we analyse the stripped, turbulent gaseous wake of the galaxies. In principle, the distribution of metals in the stripped wake should provide clues about the metal enrichment of the ICM and, in particular, how fast gas is mixed with the hot and thin ICM and hence if it is still possible to form stars there.
Previous work along this line has been largely carried out with wind tunnel-like set-ups (e.g. Kronberger et al. 2008; Bekki 2009; Tonnesen & Bryan 2010 Ruszkowski et al. 2014 ), but a number of works also addressed the more realistic problem of following a galaxy on an orbit through a galaxy cluster (e.g. Vollmer et al. 2001b; Roediger & Brüggen 2007; Jáchym et al. 2007; Roediger & Brüggen 2008; Tonnesen & Bryan 2008; Heß & Springel 2012 ). Compared to these earlier works, our simulations improve the self-consistency of the simulations (for example by using a live cluster model instead of an analytic potential), the hydrodynamical technique (with a moving mesh and a refinement criterion tailored to the problem at hand), and/or the numerical resolution.
This paper is structured as follows. In Sect. 2, we introduce our numerical methodology and describe our different numerical simulations and their parameters. In Sect. 3, we present and interpret our results, particularly the evolution of the model galaxies in isolation (Sect. 3.1), stripping of gas and metal enrichment of the ICM (Sect. 3.2), SFR and colour evolution in different environments (Sects. 3.3 and 3.4) and a comparison with models used in SAMs (Sect. 3.5). In Sect. 4, we provide tests of numerical convergence, and in Sect. 5 we give a discussion and summary of our conclusions.
Numerical methodology
In the following, we present our numerical set-up used in this study. First, we introduce the model for isolated galaxies and we detail how the background galaxy cluster and its intracluster medium is represented. Furthermore, we choose merging orbits for the galaxies in the cluster and finally discuss the numerical code and simulation set-up used for this study.
Isolated galaxy and cluster models
For our RPS simulations, we construct composite models of disk galaxies that are approximately in equilibrium. These model galaxies are then either evolved in isolation or dropped into our galaxy cluster model. The two types of simulations allow us to compare cluster and field galaxies, i.e. galaxies without any interaction evolving in isolation and galaxies that are influenced by the potential of the cluster and undergoing RPS.
The model galaxies are constructed following the approach described in Springel & White (1999) and Springel et al. (2005) with structural properties derived from the theoretical work of Mo et al. (1998) . The dark-matter (DM) mass distribution is modelled with a Hernquist (1990) profile,
where the total mass M DM is related to the virial velocity v 200 by
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The chosen scale length a of the Hernquist profile can be set by demanding that the corresponding NFW profile (Navarro et al. 1996 ) of a halo with scale radius r s and the given circular velocity has the same inner density profile. For the scale radius, we take a value derived from the expected concentration index c = r 200 /r s for halos of this mass based on cosmological Nbody simulations. The advantage of using a Hernquist instead of a NFW profile is that no sharp edge for the halo needs to be assumed and that the total halo mass converges. The baryonic matter of the model galaxy is represented by a stellar bulge, an exponential stellar disk, and an exponential gas disk as described in Springel et al. (2005) . The surface density profile of the disk is
where r 0 is the common scale length of both stellar and gaseous components. The bulge is modelled similar to the DM halo with a Hernquist profile. The scale length of the disk is related to its angular momentum, whereas the bulge scale length is set to a fraction of the disk scale length. The vertical structure of the stellar disk is modelled as an isothermal sheet with radially constant scale length. For the gas disk, however, the vertical structure is determined by self-gravity and ISM pressure, which is modelled with a sub-resolution effective equation of state. Finally, the velocity structures of the DM halo and bulge are approximated by locally triaxial Gaussians with dispersions computed with the Jeans equations. More sophisticated methods to compute the velocity distribution function (e.g. Yurin & Springel 2014 ) could also be used, but the quality of the initial equilibrium reached here with the Jeans' approximation is good enough for the purposes of this study.
Additionally, we include a hot gas halo in the galaxy model similar to Moster et al. (2011) . Motivated by observations of hot gas in clusters, we adopt a β profile (e.g. Eke et al. 1998) for the hot gas halo of the galaxy with the radial density profile
As in Moster et al. (2011) , we use β = 2/3 and r c = 0.22 a. The central density is then defined by the adopted total mass in the hot gas halo. Assuming hydrostatic equilibrium, the radial temperature profile is given by
where ρ (r) is the density of the hot gas halo given above, M (r) the total cumulative mass within a radius r, µ the mean molecular weight, m p the proton mass, and G and k B denoting the gravitational and Boltzmann's constant, respectively. Furthermore, the hot gas halo has a rotational velocity around the spin axis of the disk. Assuming that the hot gas halo has the same specific angular momentum j = J/M as the DM halo, the total angular momentum of the hot gas halo is given by J gas = (J DM /M DM )M gas , which is distributed into shells of the hot gas halo. Assuming these shells are in solid body rotation, a rotational velocity can be assigned. In order to investigate the effects of RPS and quenching on galaxies of different mass, we are using two galaxies that are different in size with properties given in Table 1 . The first model 
We specify the principal structure of these models (in particular total mass and disk) with choices for the concentration parameter c, rotation velocity v 200 at the virial radius r 200 , and spin parameter λ. The values m d and m b are the disk and bulge mass fractions, respectively, with f gas specifying the initial amount of gas in the disk and z 0 giving the disk height as a fraction of the disk scale length r 0 (equal for both the stellar and gaseous disk). The latter is determined by the spin parameter. The value a b is the scale factor of the Hernquist profile describing the bulge. These parameters also determine other resulting properties of the corresponding model galaxy, in particular the masses of the different components, as listed in the table. The amount M gas,h of gas in the hot corona around the galaxies is chosen freely. Here we investigate three different choices (G1a, G1b, G1c) for galaxy model G1, and only one choice for G2.
galaxy, denoted G1, has a total mass of 10 12 h −1 M and contains a bulge. Moreover, we use three different hot gas halos with this model galaxy, using the same (G1a), half (G1b) or one percent (G1c) of the disk's baryonic mass for the hot gas halo. The latter configuration with very little hot gas is meant to simulate a case with effectively no gaseous halo while concurrently avoiding technical problems that would occur for strictly empty space in the moving-mesh code, which always needs to tessellate the whole simulation domain.
The second model galaxy, G2, has a third (3 × 10 11 h −1 M ) of the total mass of G1, a hot gas halo that contains 10% of the baryonic mass of the disk and does not have a bulge. In Table 1 , we list the chosen free parameters of this galaxy model and its corresponding properties. We note that in our cluster simulations the hot halo of the galaxies is truncated at a radius where its density falls below the background density of the ICM, reducing the mass in this component slightly.
To simulate the behaviour of the galaxies while falling into a galaxy cluster, we generate idealised galaxy cluster models in the following way. We use a spherically symmetric DM and gas halo, which both follow a Hernquist profile. As with the model galaxies, some fraction of the mass in the halo is assigned to the gas that represents the ICM. We use three different model galaxy clusters, as shown in Table 2 . The selected cluster masses are somewhat arbitrary, but for the sake of definiteness we refer to models A and B as high-and low-mass clusters (comparable Notes. The concentration parameter c and the circular velocity v 200 at the virial radius define the density structure with the gas fraction f gas set to representative observational values. The values M tot and M ICM give the resulting total and ICM mass, respectively.
to Virgo and Coma cluster), respectively, and to model C as a galaxy group. For all models, we select further properties according to observational constraints and cosmological simulations. We calculate the concentration parameter from the concentration-mass relation as measured in Neto et al. (2007) based on the Millennium simulation. The virial velocity v 200 can be calculated using Eq. 2. Finally, we adopt the baryon fraction in the models as suggested by observations. Here we adopt the best fit to different X-ray observations of galaxy groups and clusters from Sun (2012) . The resulting parameters and properties for our model clusters are given in Table 2 .
Because the initial approximation of the velocity distribution function is not exact (especially in the centre), the constructed cluster models are not in perfect equilibrium at the beginning. Already after a few Myrs of dynamical evolution, however, clusters relax to a slightly softer inner density profile with a flatter gas distribution in the centre and show no significant secular evolution thereafter. The radial density profiles of DM (dashed line) and ICM gas (solid line), and ICM temperature are shown in Fig. 1 for our three different clusters. We note that the flat entropy cores could be related to numerical effects, such as artificial heating caused by softening effects or N-body noise, as investigated by Vazza (2011) . However, the effect is limited to the very centre of the clusters and does not affect our study of RPS, as we have no trajectories of galaxies passing through the innermost region.
Merger orbits
One of the model galaxies and one of the live galaxy clusters described in the previous section are put on a parabolic merging orbit. The initial conditions for the orbits are set up the same way as in Duc et al. (2000, see Fig. 8 therein for a sketch of the configuration), and, in all of the simulations in this work, the orbital angular momentum is oriented parallel to the z-axis. Instead of using two galaxies, galaxy one in the binary collision set-up of Duc et al. (2000) is replaced with the cluster model, without setting any inclination, hence (Φ 1 , φ 1 ) = (0, 0). The second galaxy is the model galaxy orbiting in the cluster. The different parameters used for the distinct simulations are listed in Table 3 . The impact parameter b corresponds to the minimum separation of the cluster and galaxy if they were point masses and moved on Keplerian orbits. Different orbits of the galaxy through the cluster and hence different RP scenarios can be obtained by altering the impact parameter and the initial separation of galaxy and cluster centre. Runs S1 to S4 were carried out with model galaxy G1 in the different clusters, whereas galaxy G2 was used in runs S5 to S7. The angular momentum unit vector of the galactic disk is set tô L = (1, 0, 0) for runs S1, and S3 -S7, and toL = (0, 1, 0) for run S2. The actual orbits of the different runs are shown in Fig. 2a in units of r 200 of the corresponding cluster. Furthermore, the distance of the galaxy to the centre of the cluster and the effective inclination (angle between angular momentum and relative velocity vector of the galaxy) over time is depicted in Figs. 2b and 2c. All trajectories lie in the xy-plane, and the model galaxies start close to the virial radius of the cluster. Furthermore, in Fig. 3 we show the ICM properties the galaxy encounters while orbiting the cluster by plotting density, relative velocity, corresponding ram pressure, and ICM temperature as a function of time.
The set-up adopted here allows for more realistic scenarios as wind-tunnel experiments. While it is in principle possible to mimic temporal changes of the relative velocity and density of the headwind, varying the inclination angle of the galaxy correctly is difficult. Furthermore, our new set-up also includes a full treatment of gravitational effects from the interaction of the galaxy with the potential of the cluster. This includes tidal truncation of the DM halo as well as tidal effects on the disk itself, Notes. The initial impact parameter b is chosen for trajectories as if galaxy and cluster were point masses; the value actually obtained in the self-consistent simulation (see Fig. 2a ) is different. Run S2 is identical to run S1, except that the galaxy is rotated by 90 • , resulting in a different effective inclination throughout the orbital path (see Fig. 2c ).
which are both not present in ordinary wind-tunnel simulations. These effects not only change the structure of the galaxy, but also influence the conditions under which RPS takes place. On the other hand, the smooth ICM distribution of our live galaxycluster models rather resembles a relaxed and virialised system. In future work, we will include dynamically perturbed clusters, especially studying the influence of shock fronts in the ICM on RPS and SFR of cluster galaxies (e.g. Pranger et al. 2014) . Also, the investigation and disentanglement of tidal interaction in combination with RPS (e.g. Bischko et al. 2015) in a realistic cluster set-up should be subject of future work.
Numerical code and star formation model
All simulations presented in this work were performed with the hydrodynamical moving-mesh code AREPO (Springel 2010) . Given a set of mesh-generating points, the volume is discretised by a Voronoi tessellation, yielding an unstructured grid. Subsequently, fluxes across each face of a cell are calculated using an unsplit Godunov scheme with an exact Riemann solver in the form of the MUSCL-Hancock finite-volume scheme (van Leer 1984 (van Leer , 2006 , which is second order in space and time (for a smooth gas distribution).
As the Voronoi mesh in AREPO is allowed to move with the gas flow and the Riemann problem is solved in the frame of the (moving) face of a cell, it can be shown that the scheme is manifestly Galilean invariant, which is not the case for standard Eulerian codes using static grids. This makes the truncation errors of AREPO independent of the gas velocity. Effectively, the code combines advantages of Eulerian and Lagrangian schemes such as smoothed particle hydrodynamics (SPH) while avoiding some of their disadvantages. In particular, the good treatment of shocks and contact discontinuities of Eulerian schemes is preserved. On the other hand, the scheme inherits the adaptivity and Galilean invariance of SPH. Furthermore, self-gravity is treated as in SPH codes, resulting in a continuous adjustment of the gravitational resolution in a Lagrangian fashion.
In cosmological simulations, a very high dynamic range in the gas density is present, ranging from ∼ 10 −30 g cm −3 in the ICM at the virial radius to well above ∼ 10 −22 g cm −3 in the ISM in a galaxy. To avoid numerical artifacts, in SPH an approximately equal mass resolution needs to be used for particles that are in direct contact (Ott & Schnetter 2003; Read et al. 2010 ), making it difficult to resolve a comparatively small galaxy accurately within a large cluster of galaxies. In AREPO this problem can be much better addressed because there is no restriction on the relative mass content of neighbouring cells, allowing steep gradients in resolution. It is then possible to efficiently simulate a highly resolved galaxy moving around within a poorly resolved background cluster by adaptively refining the region the galaxy passes through.
We use a simple sub-resolution model for radiative cooling, SF, and supernova feedback according to Springel & Hernquist (2003) . Radiative cooling is implemented for an optically thin gas of primordial composition (Katz et al. 1996) . This gives an effective temperature floor of ∼ 10 4 K when metal-line cooling is not included. However some gas can cool below this temperature through adiabatic expansion. Star formation and feedback is modelled with a sub-resolution multi-phase description for the ISM on a cell-by-cell basis, since these processes cannot be resolved explicitely. For each gas cell in the star-forming regime (ρ > ρ th ), the amount of gas is split into cold clouds and a hot, supernova-heated ambient medium. Cold clouds are transformed into stars on a characteristic timescale t , where a mass fraction β is released immediately as supernovae. The released mass as well as evaporated gas from the cold cloud phase replenishes gas in the hot phase again. This leads to self-regulation and, as- suming that the temperature of the hot medium evolves towards an equilibrium value governed by cooling and feedback heating from SF, the amount of gas contained in the hot and cold phase can be calculated. This then yields an effective equation of state that stabilises the ISM against too rapid collapse. We note that these processes are modelled separately for each gas cell and no mass exchange or energy release into neighbouring cells takes place. Also, the actual creation of star particles is treated in a stochastic fashion such that the formed collisionless star particles all have roughly the same mass.
We follow Heß & Springel (2012) in choosing the parameters of the sub-resolution model. We set the SF timescale to t = 1.5 h −1 Gyr. For the supernova feedback model, we use a cloud evaporation parameter of A 0 = 10 4 and a supernova temperature of T SN = 10 9 K. Furthermore, adopting a Salpeter (1955) IMF, the mass fraction of massive stars (> 8 M ) blowing up instantaneously as supernovae is β = 0.1. The choice of those parameters defines the density threshold for the onset of SF ρ th = 2.6 h 2 cm −3 (see Springel & Hernquist 2003 , for a detailed discussion of these parameters). The resulting threshold is higher than that obtained using the default choice of parameters in Springel & Hernquist (2003) , which were used e.g. in Steinhauser et al. (2012) ; Kronberger et al. (2008) . This is motivated by recent claims that higher threshold values are needed to obtain more realistic spiral galaxies (Guedes et al. 2011 ).
Furthermore, we switch on cooling and SF only for the ISM of the galaxy but not for the cluster. To this end, we are using a 'colouring' technique (as e.g. Vogelsberger et al. 2012; Roediger & Hensler 2005) to trace the galactic gas throughout the simulation. Each gas cell gets an additional scalar value that is initialised with the gas mass of the cell in case of the cells of the galaxy. This scalar value is then advected with the calculated flux from the hydrodynamic solver. This technique allows us to track the gas of the infalling galaxy in the stripped wake also, in addition to controlling cooling and SF. The latter is only switched on if the galactic gas fraction in a cell exceeds f ISM = 0.25. This trick prevents the rest of the cluster from radiatively cooling and forming stars at a high rate in the BCG, which would quickly become numerically very expensive even though we are not interested in the central cluster region itself. We checked that varying this threshold in the range f ISM = 0.01 − 0.25 has almost no impact on the results.
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Refinement technique
As pointed out previously, we need to cover a high dynamic range in density to account for the interaction of the ISM and the ICM. Ordinary grid codes usually use an adaptive mesh refinement (AMR) technique (e.g. O'Shea et al. 2004; Fryxell et al. 2000) to dynamically increase the resolution where needed by creating a hierarchical subgrid in, for example regions with a high density contrast. The resolution can be decreased again by removing levels of the subgrid, for example in regions with a smooth density distribution. Such an approach is also possible in AREPO with its unstructured mesh, although the Lagrangian nature of the code drastically reduces the required number of refinement and derefinement operations when a roughly constant mass resolution (which is often the case) is desired. To this end, single cells can be refined easily by inserting a new meshgenerating point very close to the original one, effectively splitting the cell into two and keeping the rest of the Voronoi mesh unaltered (Springel 2010) . The regularity of the mesh is restored in the following timesteps, as the points are moved towards the geometric centre of the corresponding cells. In this work, we use the maximum face angle of a Voronoi cell (Vogelsberger et al. 2012) to decide whether a cell is too distorted and consequently mesh regularisation motions are added to the ordinary movement of the mesh-generating points.
The initial gaseous disks for our model galaxies are generated by distributing gas cells of constant mass according to the desired density profile (see Sect. 2.1). This leads to a higher spatial resolution in the dense, inner parts of the disk and a lower spatial resolution in the outer parts. In our production runs, we are using a gas mass of 7.8 × 10 4 h −1 M , corresponding to initially 210000 gas cells in the disk of galaxy G1 (see also Sect. 4) with a maximum and average spatial resolution of 10 h −1 pc and 160 h −1 pc, respectively. Model galaxy G2 has the same mass resolution and hence fewer gas cells. While the Lagrangian behaviour of the moving mesh adjusts the resolution automatically to the clustering state of matter, we still need a criterion for deciding whether a finer grid in some preferred regions is needed, in our case, for the galaxy and surrounding ICM. For the galactic gas, we want to keep the mass resolution of all cells almost constant at the value in the initial conditions that also defines the target mass for refinement to create star particles of similar mass, which helps to keep two-body heating effects at a minimum level (Vogelsberger et al. 2012) .
However, if we impose the same mass resolution for the ICM in the region around the virial radius where the interaction with the galaxy starts, the corresponding ICM cells would have a size comparable to the galaxy itself owing to the low ICM densities there. This can create heavily distorted cells and an underestimation of the gas density in the outskirts of the galaxy.
However, in AREPO, there is no need to have the same mass or spatial resolution for all gas cells, unlike in standard formulations of SPH (Ott & Schnetter 2003) . One possible solution to this problem lies in introducing a kind of background grid (Springel 2010) , which simply means that there is an imposed upper limit for the maximum volume of cells. In addition, we need to prevent that the denser parts of the ICM that do not interact with the galaxy are all refined to our high target mass resolution, otherwise the computational cost would be completely dominated by following cluster material we are not really interested in.
To address both of these issues, we apply the following three criteria in sequence to decide whether a cell should be refined or derefined: Firstly, we use the refinement and derefinement criteria of Vogelsberger et al. (2012) to keep the mass resolution of the ISM close to the initial value for all gas cells with an ISM mass fraction larger than 1%, which we identify using the same colouring technique as described in Sect. 2.3. Such cells are refined or derefined if the mass exceeds two times or is lower than half the target mass of ISM gas cells. Secondly, we require all gas cells to have a volume not larger than ten times the smallest volume of all its neighbouring cells (Pakmor et al. 2013) , ensuring a gradual refinement of the ICM around the galaxy and its stripped gas. The third criterion with lowest priority keeps gas cells, which have an ISM mass fraction that is less than 1%, and that are not affected by the maximum volume criterion, at the initial mass resolution of the cluster.
Nevertheless, the volume criterion for refining cells in the surrounding of the galaxy is not necessarily sufficient when the galaxy moves at high speed through the cluster. Because a gas cell can be refined only if it is sufficiently regular (meeting the above-mentioned criterion for its face angles), a certain time is needed until all cells in a region can be transformed to a new (finer) volume. To avoid potential problems from this lag, we refine cells along the a priori known trajectory of the galaxy to the initial mean volume of gas cells in the galaxy itself, so that the ICM gas cells already have a sufficiently small volume and the desired spatial resolution when the galaxy arrives. In the case of our production runs, this initial mean volume corresponds to 52.72 h −3 kpc 3 (see also Sect. 4). Also, we make sure that the gradual refinement mentioned above is already realised in the initial conditions. This is achieved by simulating the cluster itself for around 300 h −1 Myr with enabled refinement criteria. Then we insert the galaxy in the relaxed galaxy cluster and start the actual simulation. Tests of the correct functioning of these special refinement techniques and a resolution study can be found in Sect. 4.
Results

Galaxies in isolation
We begin by considering results for our model galaxy G1 when evolved in isolation with different hot halo gas masses. This investigates the evolution of field galaxies depending on the presence of a more or less massive hot gas halo and provides the comparison benchmarks for our simulations with RPS. In  Fig. 4a , the evolution of the SFR of the three different galaxies is shown. The model galaxy with the most massive gas halo, which contains the same mass as the disk, shows an enhanced SFR as the disk is refueled by accretion from the hot halo; however, the other two models with only half, or essentially no, baryonic mass in the halo show almost the same SF activity.
In the bottom panel of Fig. 4 , we show the evolution of the baryonic mass in the disk with respect to simulation time. We use a simple geometric criterion (a cylinder with r = 20 h −1 kpc and h = 3 h −1 kpc, centred on the galaxy plane) to decide whether gas cells and newly formed stellar particles belong to the disk or the halo of the galaxy and split the gas mass in the disk into star-forming (having a density > 2.6 h 2 cm −3 ) and non-starforming gas. The amount of low density, non-star-forming gas remains the same in all of the three simulations. Also, the mass of newly formed stars over time is shown while the red line indicates mass that was accreted onto the disk from the hot gas halo during the simulation. The higher mass of newly formed stars due to a higher SFR in the simulations, including a hot gas halo, matches the mass of gas accreted after 2 h −1 Gyr of evolution. We note, however, that our simulations do not include strong feed- The three variants shown correspond to different gas masses in the corona. Model G1a has the same baryonic mass in the halo as in the disk, G1b has half of that mass, and G1c has only 1% of the disk mass in the gaseous halo. (b) Evolution of different baryonic components of galaxy model G1a (solid lines) and G1c (dashed lines) evolved in isolation. The red line indicates accreted halo mass onto the disk. The mass components shown are newly formed stars, star-forming (ρ > 2.6 h 2 cm −3 ), and non-star-forming gas. The black line shows the total gas mass in the disk plus newly formed stars.
back processes that could expel significant ISM mass or even unbind hot gas halo (the influence of feedback is discussed e.g. in Nelson et al. 2015) . Furthermore, we note that we follow the common assumption that there is no angular momentum transport from the dark matter to the hot gas halo, hence we initialise the hot halo with the same specific angular momentum as the DM halo. Moster et al. (2011) carried out simulations of galaxies in isolation using GADGET-2 (Springel 2005) , varying the total angular momentum of the hot gas halo. They found that by assigning the DM halo angular momentum four times to the hot gas halo yields the best results compared to observations of stellar mass and disk scale length. However, also applying the angular momentum four times to our model galaxy G1 does not lead to very different results. Although this lowers the SF slightly, the most important parameter is still the hot halo mass. Presumably, the influence of the angular momentum is also small because our simulations start with a relative high gas mass in the disk with respect to the hot gas halo, compared to the Moster et al. (2011) studies.
Ram-pressure stripping
Stripping can be broadly subdivided into two classes: rampressure pushing (Gunn & Gott 1972) , and gas dragging from the outskirts of a disk of a galaxy from Kelvin-Helmholtz instabilities (Nulsen 1982) . Ram-pressure pushing can truncate the gas disk of a galaxy out to the so-called stripping radius, where the pressure of the impinging ICM wind
exceeds the gravitational restoring force of the disk,
Assuming a double exponential profile for gas and stars in the disk, the stripping radius can be calculated as
where r 0 , M gas and M is the initial disk scale length, and gas and stellar masses, respectively. The density of the impinging ICM wind is given by ρ ICM , and v rel denotes the velocity of the galaxy relative to the ICM. As this model is very often used in SAMs (e.g. De Lucia et al. 2004; Guo et al. 2011; Benson 2012 ), below we test how well it agrees with our simulations. This formulation does not take a possible inclination of the disk with respect to the velocity vector of the galaxy into account. In previous work, it has been found that the above relation is quite accurate for face-on galaxies (e.g. Kronberger et al. 2008; Roediger & Brüggen 2007) , and that the inclination angle does not seem to have a large impact on the amount of stripped gas as long as the inclination is not close to edge-on (e.g. Steinhauser et al. 2012; Jáchym et al. 2009; . Nevertheless, there are modified theoretical descriptions that take the inclination of the galaxy into account (e.g. Lanzoni et al. 2005) by adding a cos 2 (i) factor to the RP term. Other variations consider the total mass of the galactic disk when calculating its potential, hence computing a more accurate estimate of the restoring force (e.g. Font et al. 2008) .
Also, the above model is intended for a single stripping event at constant RP, and assumes that the surface density profile of the disk within the stripping radius is not altered after the stripping event. However, in reality, RPS is not an instantaneous process with the stripping radius and hence the amount of stripped gas settling down only after ∼ 10 − 100 Myr in typical wind-tunnel experiments. Furthermore, during cluster or subhalo infall, the density and velocity change continuously. Also, galaxies can move at a higher velocity than the local sound speed, leading to the formation of a bow shock in the ICM that is impacted. Calculating the velocity and density of the ICM behind the bow shock with the Rankine-Hugoniot conditions (Shu 1992) , one finds that the RP behind the bow shock is less effective than the classical approach suggests when the shock is ignored.
In the following, we hence compare the stripping radius and gas loss in our simulations with all possible combinations of the aforementioned variations of the original Gunn & Gott (1972) . Ram-pressure stripping of galaxy G1a for runs S1-S4 in the corresponding clusters. The panels of the column on the right-hand side show gas surface density profiles of the galaxy (solid lines) and exponential surface density fits based on the gas mass in the galaxy at a particular timestep (dotted lines) as coded by the colours. Vertical dashed lines indicate the radius, at which the actual surface density drops more than one dex below the exponential fit. The panels of the middle column give the evolution of the stripping radius in the simulations, which are determined with three different measurement methods (defined in Sect. 3.2). The blue shaded area encloses the minimum and maximum stripping radius, calculated by different theoretical predictions based on the standard Gunn & Gott (1972) criterion (blue dashed line), considering initial or current and total disk mass, the inclination of the galaxy as well as Rankine-Hugoniot post-shock conditions. The black lines in the panels of the left column show the effective mass lost via stripping in the simulations. The edges of the blue shaded region indicate the minimum and maximum mass loss, considering the stripping radius calculated with the different models. The red shaded area depicts the corresponding extrema of mass loss due to a continuous stripping assumption. The yellow dashed lines indicate the model that best fits the corresponding simulation.
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using the calculated theoretical stripping radius for all distinct variations. In Figs. 5 and 6 we show the results for galaxies G1a and G2 respectively, for different environments. In the column on the right-hand side, the surface density profiles of the galaxy (solid lines) are shown after 0, 400, 800, 1200, and 1600 h −1 Myr of evolution in the corresponding cluster; this is compared to the theoretical, exponential density profile the galaxy would have when the scale radius is kept constant at the initial value and the normalisation is updated to the remaining gas mass in the disk at a particular timestep, as coded by the colours (dotted lines). The vertical dashed lines indicate the radius, where the surface density of the galaxy falls more than one dex below the theoretical, exponential profile mentioned above. This is useful for calculating the stripping radius, as described in the next paragraph, and also allows us to investigate a possible redistribution of gas to the outer parts of the disk.
In the middle column, the stripping radius versus simulation time is shown. Determining the exact radius in an automated way is not a trivial task; even investigating every snapshot visually often does not lead to clearly defined radii. Therefore, we plot three different stripping radii assigned with different methods. In the first case (blue solid line), we determine the stripping radius at the point where the actual surface density profile in the simulation drops more than one dex below an exponential surface density profile (3), using the remaining gas mass in the disk of a particular timestep and the initial disk scale length (see previous paragraph and compare the dotted to the solid lines at different timesteps in the panel on the right-hand side). Secondly, following the approach by , we divide the disk into 12 segments and determine the radius for each. As the mass in the cells should be equal and close to the target mass of the ISM gas (see Sect. 2.4), we divide the segments into radial bins and define the stripping radius as the bin with less than ten gas cells. Then, the red line indicates the stripping radius as the mean value of all segments. This approach has been found to yield the most robust measure for all simulations performed (e) Fig. 7 . Slices of thickness 0.2 h −1 kpc and extension 100 h −1 kpc×40 h −1 kpc through the galaxy and its wake in run S1, after 600 h −1 Myr of evolution. Quantities are mapped using an SPH kernel. The different panels show: (a) gas density, (b) velocity magnitude, (c) metallicity, (d) temperature, and (e) vorticity magnitude. in this work. Finally, we also consider the still gravitationally bound gas mass, considering also gas transformed into stars. For each snapshot we calculate the radius that the galaxy would have if the initial surface density profile were not altered (green line). As can be seen in the plots, this method does not consider the delay between the gas that is pushed out of the disk and the gas that is not gravitationally bound to the galaxy anymore. However, considering this lag, and in cases of constant RP (as in cluster B), it is a reasonably good measure and agrees well with the other methods. Finally, we sketch the results of theoretical predictions described at the beginning of this section, comprising the standard Gunn & Gott (1972) criterion and variations including the total mass and inclination angle of the disk as well as considering Rankine-Hugoniot post-shock conditions. The blue dashed line indicates the stripping radius calculated with the standard criterion (8). The blue shaded area delimits the range of stripping radii from all theoretical predictions mentioned above, with the edges corresponding to minimum and maximum values at any time.
In the column on the left-hand side, the actual gas mass stripped from the disk is plotted (black solid line). We consider that all gas not bound gravitationally to the galaxy anymore (gas cells that have a positive total energy E tot = E pot + E therm + E kin ) are stripped off the disk. Usually, gas is being pushed out of the disk and stays gravitationally bound until the gas is sufficiently decelerated. To calculate the stripping radius and the surface density profile, we therefore only consider the gas in a cylinder around the galaxy. We note that gas is lost also due to SF. Furthermore, we calculate the mass loss considering the theoretical predictions of the stripping radius from the different models mentioned above. Again, the edges of the blue shaded area depict the minimum and maximum of the mass loss calculated from different models. The blue dashed line once more indicates the mass loss using the standard Gunn & Gott (1972) criterion. The red shaded area delimits minimum and maximum mass loss due to continuous stripping, using the stripping radius from the different models, denoted above in (9) and applying the current RP at any time. The yellow dashed line depicts the best model for the corresponding simulation, which is described later in this section.
The results in Fig. 5 show different behaviour for the RPS of a Milky-Way sized galaxy G1a in different environments. The first extreme case of RPS in cluster A (see also Sect. 2.1) strips the gas disk of the galaxy almost completely during pericentre passage, as expected. Considering also the SF activity, only 12% of the gas is left in the very centre of the disk. Similarly, when the galaxy starts with a different inclination angle (run S2), around 15% of the gas is left after pericentre passage. This indicates that the inclination does not have a major influence on the total amount of stripped gas. However, the inclination of the galaxy in both runs differs most at the beginning of the simulation when RP is still low (face-on vs. edge-on), whereas at the peak of RP the inclination becomes quite similar (see Fig. 2c ). Furthermore, the stripping radius for both inclinations is also similar, dropping from 18 h −1 kpc to around 1 − 2 h −1 kpc after 600 h −1 Myr. Rampressure pushing lasts until the galaxy reaches the peak of RP at pericentre passage. Afterwards, continuous stripping proceeds at a very low rate as a result of the small remaining gas disk, which is depleted by forming new stars.
In the smaller cluster B, the trajectory was chosen to have a slowly changing, medium RP acting on the galaxy (see Fig. 3 ). As a consequence, the galaxy keeps losing gas throughout the whole simulation mainly by continuous stripping, but at a much smaller rate than in cluster A. In cluster/group C on the other hand, the trajectory again leads more towards the centre and has an overall less pronounced RP but a higher peak at pericentre passage. In this case, gas is lost mainly from 400 − 700 h −1 Myr when the galaxy experiences high RP. At the same time the stripping radius is reduced to 10 h −1 kpc. Before and afterwards, the galaxy is mainly affected by continuous stripping, which proceeds however at a very low rate of < 1 M yr −1 . In simulations with a high peak of RP (S1, S2 and S4), the radius of the gas disk is again increasing when the galaxy leaves the central region of a cluster (red and blue lines in the middle column of Fig. 5 ). The strength of the effect however depends on the method used for determining the radius (see description above for the different methods used). Using a fixed cut (red line), the effect is small, showing a maximum expansion of 2 h −1 kpc in run S4. However, comparing the actual surface density with an exponential profile, considering initial disk scale length and remaining gas mass in the particular timestep, shows an increase of up to 5 h −1 kpc. Hence, the strong increase, seen in this case, is mainly due to a shallower exponential profile the actual surface density of the galaxy is compared to. Furthermore, in such cases, the surface density can be described well with the mentioned exponential profile at radii sufficiently below the stripping radius. It is as if an 'overcompressed' disk expands slightly again.
Very similar results are found for model galaxy G2 and are presented in Fig. 6 . This smaller galaxy gets stripped completely when passing the central region of cluster A. Passing through clusters B and C, the stripping radius drops from the initial 15 to 6 and 4 − 5 h −1 kpc, respectively. Similar to galaxy G1, in cluster C the redistribution of the gas in the disk can be observed after pericentre passage when the strength of RP is decreasing again. However, the effect is limited to the outer parts of the disk. The surface density at smaller radii, not affected by RPS, shows no change compared to the initial profile.
The stripping radii calculated with theoretical RPS models described above can differ by as much as 5 h −1 kpc with corresponding consequences for the estimated gas mass that is stripped as well, especially when it comes to the inner parts of the disk. The best model fitting our simulations depends on environment, but also on the mass of the galaxy itself. For the more massive galaxy, G1, the theoretical model, which takes into account the appearance of supersonic velocities and the current gas and stellar mass in every snapshot, yields results closest to runs S2 and S3, if one also considers the mass lost after pericentre passage from continuous stripping in the simulations. With different initial inclination of the galaxy (run S1), the standard model and when RP is scaled with the effective inclination of the galaxy also provides reasonable results. In run S4, with a high peak of RP, using the initial disk mass gives the best results. For galaxy G2, the model that best fits all simulations includes Rankine-Hugoniot post-shock conditions and uses the initial disk mass, hence assumes a constant surface density profile to calculate the stripping radius. However, in all of the cases and for both model galaxies, considering the total mass in the disk yields much better results than the standard criterion. All of the mentioned models are depicted in the panels on the right-hand side in Figs. 5 and 6 as yellow dashed lines. Furthermore, SF needs to be taken into account, as a sizable fraction of gas in the disk is transformed into stars on the timescale of one cluster centre passage (see also Sect. 3.5).
In Fig. 7 , we show 100 × 40 h −1 kpc slices in the yz-plane that are centred on the disk of the galaxy of run S1 at time 600 h −1 Myr (just at pericentre passage), which are produced using adaptive kernel smoothing by first computing SPH-like smoothing lengths for the mesh-generating points and then distributing the corresponding quantity onto a regular grid using the SPH kernel. Although in the chosen snapshot the highest RP of all simulations acts on the galaxy, losing mass at the highest rate, gas is still diluted and heated fast as soon it is stripped. Around 50 h −1 kpc behind the disk, most of the gas has heated up and is already diluted to the background density of the ICM. On the other hand, mixing with the ICM proceeds at a slower rate as can be seen in the lower panel: the metallicity shows a slower decline in the stripped wake. The stripping of the hot gas halo proceeds very fast in all of the simulations. After 50 − 150 h −1 Myr, 80-90% of the gas mass in the hot halo is being stripped. Only a small fraction that either resides very close to the galaxy or is in the slipstream of the disk stays bound to the galaxy. In SAMs (e.g. Guo et al. 2011) , stripping of the hot gas halo is very often modelled with two processes: by either assuming full stripping at a radius where the RP exceeds the gas pressure of the halo or by invoking tidal stripping in which the gas mass is reduced from the hot halo in direct proportion to the DM halo mass during infall. Looking at our simulations, only the first process comes into play, as the stripping advances quickly, already in the outskirts of the cluster, whereas the DM halo loses mass significantly only after pericentre passage. We also note that McCarthy et al. (2008) have shown that the truncation radius due to tidal stripping is only smaller compared to the RPS radius if the galaxy exceeds 10% of the cluster mass, which is not the case in any of our simulations.
Metal enrichment
Ram-pressure stripping is an important process (Domainko et al. 2006) contributing to the metal enrichment of the ICM in galaxy clusters (e.g. Schindler et al. 2005; Schindler 2007; Werner et al. 2008; Zhang et al. 2011) . Here, we investigate the enrichment of the ICM by means of RPS from a single galaxy. The treatment of SF we use (Springel & Hernquist 2003) tracks only the total metal mass and assumes solar composition. This is done by means of a scalar value that is advected with the calculated mass flux derived from the hydrodynamic solver, which is similar to the colouring technique employed in the refinement. The metal yield is set to p = 0.0122 (Asplund et al. 2005) and is used throughout all of the simulations.
As we start our simulations with a gas fraction of 35% in the disk, the initial metal content is important for the metal enrichment of the ICM due to RPS. Observations show a huge diversity in radial metallicity profiles of disk galaxies (e.g. Zaritsky et al. 1994; Bresolin et al. 2012) . However, as in Höller et al. (2014) , we decided to model the metallicity gradient in our model galaxies using mean values of observations from Ferguson et al. (1998) metallicity values. The total metal mass in the gas disk is given by the mass of the old stellar disk, according to the model presented in Sect. 3.4.
In Figs. 8a and 8b , we plot the total mass of metals in gas and stars still gravitationally bound to the galaxy (solid lines) and metals locked up in newly formed stars (dashed lines). Furthermore, the metal mass in stripped gas (dotted lines) for galaxies G1a and G2 is depicted, respectively. Here we do not include the metals in the old stellar disk, as the mass there does not change throughout the simulation and no stars are stripped. As expected, as SF is quenched after pericentre passage in cluster A in both galaxies, fewer metals are present in total than in cluster B, although the effect is very small. The more massive galaxy can enrich the ICM with around 2 × 10 8 h −1 M , which is almost half of its initial metal content in the ISM. The smaller galaxy loses 0.8 × 10 8 h −1 M , which accounts for about 80% of its initial metal mass. In cluster B, where only weak but continuous stripping takes place, only a few metals (< 5% for G1a, < 20% for G2) are transported to the ICM because only the outer parts of the galaxy with a lower metallicity are stripped. Hence, with respect to their gas mass and metal content in the disk, the smaller galaxy G2 is enriching the ICM with a relative higher amount of metals. We note that the gas of G2 is more easily stripped because of the shallower gravitational potential when the same RP is exerted.
The inclination of the galaxy has an effect on the metal enrichment of the ICM and the amount of stripped gas. The purple line corresponds to run S2 with the galaxy starting edgeon. During pericentre passage, more metals are locked up in newly formed stars, as SF is enhanced with respect to run S1 (see Sect. 3.3) . In total, less gas is stripped in S2 with respect to S1 (see Sect. 3.2) , which translates to a relatively smaller amount of metals transported to the ICM.
The differences however are more evident in Fig. 8c . We plot the metallicity Z of stripped gas in a histogram ranging from 0.15 Z (our initial value adopted for ICM gas) to 5 Z for each snapshot throughout the simulation. Thereby, we consider all gas cells with at least 1% of its mass originating in the galaxy itself. The colour encodes the mass fraction of stripped material in different metallicity bins. The black solid line indicates the mean metallicity of the gas considered in the histogram. In cluster A, the mean metallicity in stripped material for both simulations with the galaxy starting edge-on and face-on are not very different, reaching a peak of almost Z at pericentre passage. Afterwards, when no gas is stripped anymore and owing to the mixing with the ICM, the mean metallicity decreases again. However, more metal-rich gas from the centre of the galaxy is stripped edge-on in the first 500 h −1 Myr of the simulation, which is diluted quickly afterwards. Stripping is going on for the larger galaxy until the end of the simulations. In both cases, progres- . Colour evolution (in the u-i index of the SDSS) of galaxies G1 (top panel) and G2 (bottom panel) as a function of time while interacting with different cluster environments. The slow evolution towards redder colours in the interactions with clusters B and C is actually very similar to the evolution of the galaxies in isolation, showing that the gas consumption timescale is not significantly affected by RPS in these models. This is different in the deep interaction with cluster A, where a rapid shutdown of SF is achieved.
sively more of the enriched material from the centre is stripped, but the total amount nevertheless stays small. The stripped material of the smaller galaxy on the other hand has a higher metallicity right from the beginning, as the metal-rich inner parts of the disk are stripped earlier. However, mixing of ISM and ICM in the wake proceeds in the same way for both galaxies (runs S1, S2, and S5, respectively), hence considering that they have a similar ISM metallicity their mean metallicities in the wake also end up the same at the end of the simulations when all the gas has been stripped. In cluster B, with a slow but continuous stripping rate, the gas wake of the smaller galaxy has a higher metallicity again, reaching up to 1.6 Z with the mean value reaching as high as 0.6 Z . For both galaxies, the supply of stripped, enriched material balances mixing with the ICM. Mixing and hence a drop of the metallicity can also be seen in Fig. 7c , where a slice of the metallicity in the stripped wake of run S1 after 600 h Fig. 11 . Colour-colour diagrams showing the evolution of galaxies in NUV-u vs. u-r space as they interact with different clusters. The top panel is for model galaxy G1, and the bottom panel for G2. The colour is indicating different environments as shown in the legend. Stars mark simulation times with their brightness encoding 0, 0.5, 1.5 and 2 h −1 Gyr (the brightness corresponds to the one used for the big squares in Figs. 9a and 9b) . The grey shaded contours represent the densities of the observed early-(upper right concentration) and late-type (lower left peak) galaxy populations, as determined by Schawinski et al. (2014) .
is shown. The metallicity of stripped gas right behind the galaxy drops by a factor of 2 -3 already after around 100 h −1 kpc behind the disk while the gas is mixed with the ICM.
Star formation
In the following section, we investigate the SFR in the simulations with a focus on the dependence of galaxy mass and environment on quenching.
As the hot gas halo of the more massive galaxy G1a is stripped right at the beginning of the simulation, in the first Article number, page 15 of 22 A&A proofs: manuscript no. paper Fig. 12 . Mock colour images of galaxy G1a in different environments. The evolution in isolation and runs S1, S3 and S4 are depicted in the different rows. In each column, the state at a selected time (indicated on top) is shown for each simulation. 500 h −1 Myr, the SFR in all of the clusters drops to the values of the isolated galaxy without hot gas halo (G1c); this is also because in this phase, not much gas in the disk is lost due to RP (see Fig. 9c ). In cluster B, the SFR of the galaxy follows the same profile as G1c in isolation throughout the whole simulation. The weak RP in this case, which only leads to continuous stripping in the outskirts, does not affect the SFR significantly. In contrast, in cluster C, at the short but high peak of RP, the SFR is enhanced by at most 2 M yr −1 as the disk gets compressed. Afterwards, the SFR only slowly declines and finally drops below the SFR in isolation from a lack of gas in the disk. A similar scenario happens in cluster A: first SFR is enhanced and then drops below isolation levels after big parts of the gas disk are stripped and finally depleted by residual SF. However, this process proceeds much faster than in cluster C, since a higher amount of gas is stripped during pericentre passage because of the stronger RP. In run S1, only a slight enhancement of the SFR to isolation levels (G1a) can be observed. As a result of a different inclination and consequently delayed gas stripping in run S2, more gas remains in the galaxy at pericentre passage when the gas disk is being compressed most. In that case, the SFR can be enhanced by up to 3 M yr −1 , but drops in the same way afterwards. However, almost 10 9 h −1 M more stellar mass can be formed in total by the end of the simulation. In cluster C, the cumulative amount of new stars is largest, and very similar to the amount formed in isolation.
G1a iso
t = 0.2 h −1 Gyr t = 0.4 h −1 Gyr t = 0.6 h −1 Gyr t = 1.0 h −1 Gyr t = 1.6 h −1 Gyr S1
S4 (C)
The less massive galaxy G2 shows basically the same behaviour as G1 in the distinct cluster environments (see Fig. 9d ). In cluster B, similar to galaxy G1, SFR is slightly enhanced compared to simulations of the respective galaxy in isolation, including the least massive hot gas halo (G1c and G2, see Table 1 ). In cluster A, again an initial enhancement of the SFR can be observed before most parts of the gas disk are stripped. However, the momentary enhancement of around 20% is smaller than for galaxy G1, which shows an increase of 30-60%, depending on the initial inclination of the galaxy. Finally, the biggest difference between the two model galaxies can be found in cluster C. Despite the similar enhancement of the SFR at pericentre passage, compared to G1 the SFR of G2 is higher than in isolation until the end of the simulation, although relatively more gas is stripped in G2.
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The specific SFR (sSFR ≡ SFR hM −1 ) is shown in Figs. 9a  and 9b . The value of the main sequence of SF and 0.3 dex scatter for the particular stellar mass of both model galaxies, taken from Schawinski et al. (2014) , are represented with the horizontal black solid and dashed lines, respectively. The grey shaded area below the main sequence indicates the region where 'greenvalley' galaxies, a transition population between star-forming and passively evolving quenched galaxies, can be found. The more massive galaxy starts its evolution 0.3 dex above the main sequence of Schawinski et al. (2014) . Throughout the simulation in isolation and in cluster B, the galaxy stays within the 0.3 dex scatter around the main sequence. In cluster C, the galaxy only falls below the main sequence at the end of the simulation. In the case of extreme RP (cluster A), the galaxy leaves the main sequence only after 1 h −1 Gyr of simulated time, a few hundred h −1 Myr after pericentre passage when the peak of RP is experienced. The difference in run S2 for a different inclination of the galaxy is again small, except for the more pronounced enhancement after around 600 h −1 Myr. Afterwards, the galaxy still needs half of the simulation time to pass through the green valley region in both runs S1 and S2. The smaller galaxy also stays on the main sequence of SF in all environments, except in cluster A. As the SFR suddenly drops to zero when all the gas is stripped during pericentre passage, the galaxy leaves the main sequence quickly and passes through the green valley in less than a hundred h −1 Myr. In summary, a weak, continuous RP (B) removes the gas supply from the hot halo but does not further influence the SFR. On the other hand, a strong, short RP event (C) , although removing double the gas mass from the disk through stripping, can compress the disk in such a way that the SFR is enhanced such that the same amount of stars is formed by the end of the simulation as in the isolated case. A galaxy can lose all of its gas and drastically quench its SF only in extreme cases of RPS (A). As expected, as less massive galaxies are more prone to lose their gas due to RPS, they are also quenched more rapidly.
Colour evolution
In this section, we study the colour evolution of the model galaxies evolving in isolation and undergoing RPS. We are particularly interested in how fast a galaxy becomes red when infalling to a galaxy cluster. Furthermore, studying the colour evolution of the galaxy, we can compare with observations and investigate the morphology by generating mock colour images.
As the stellar particles of our model galaxies have masses in the range of ∼ 10 4 − 10 5 M , they can be considered simple stellar populations (SSP, e.g. Querejeta et al. 2015; Murante et al. 2015) . We are using the flexible stellar population synthesis code FSPS (Conroy et al. 2009; Conroy & Gunn 2010) to calculate SSPs out of the stellar particles of the simulation. The output of FSPS includes observed mock spectra of an SSP given its metallicity and age. By convolving with a desired filter function, the luminosity and hence magnitude of the SSP in the desired band can be obtained. In this work, we use the SDSS bands u, g, r, i, and z as well as Buser B, U, V, and IR K filters. We then calculate the colour for a stellar particle (SSP) via a 2D interpolation of the FSPS tables for different stellar age and metallicity.
Newly formed stars generated during the simulation inherit the metallicity of the gas cell they were formed of. Also, the age of the SSP for those particles is known as the time of generation is stored. For such particles, colour calculation is straightforward, but it is more difficult for the old stellar disk and old bulge particles (type 2 and 3) already present in the initial conditions (see Sect. 2.1) because they do not contain age and metallicity information. Therefore, for our model galaxies we assume a τ-model for SF prior to the start of the actual simulations. We use Eq. 1 of Feldmann & Mayer (2015) to calculate the SF history of our model galaxy,
and assign age and metallicity to the old stellar disk and bulge particles. In this model, the SFR of the galaxy peaks at time t . For our model galaxies this occurs at the beginning or shortly after the start of the simulation. The value τ is the SF timescale. The value of τ is positive for an exponentially growing SFR, which we assume to be the case for our model galaxies for times prior to the start of the simulation. Hence, SFR(t ) is the peak SFR, which we get directly from our simulations. The constant c is an offset for the exponential growth or decline of the SFR, modelling different phases of galaxy formation like gas accretion or starvation phase (for more details see Feldmann & Mayer 2015) . We neglect these different phases of galaxy formation and calculate the parameters of this model for our simulated galaxies in the following way. Given the mass of the old stellar disk and bulge, the integral of the SF history is set. Assuming that the overall age of our model galaxies at the beginning of our simulations is 7 Gyr and given the peak star formation rate SFR (t ) from the simulation, all parameters can be set. We use c = 0 for all of our model galaxies. The stellar mass produced in each time bin can be calculated by dividing the 7 Gyr of galaxy formation into time bins given the SFR by the above described model. Randomly, a number of stellar particles are selected, first from the bulge (which is usually considered older than the disk, e.g. Athanassoula 2005 ) and then from the old stellar disk according to the mass in the time bin. The time of this bin is then assigned to those particles. To compute metallicities for those particles (see also Sect. 3.2.1), we proceed as in Springel & Hernquist (2003) . Given the produced stellar mass, the metallicity of surrounding ISM can be calculated immediately for each time bin. The metallicity obtained in this way is assigned to the stellar particles the same way as their age. Values for age and metallicity for the old stellar and bulge particles are assigned once and used to calculate galaxy colours for all snapshots of the simulation to correctly model morphological evolution of the galaxy. In Fig. 10 we present the SDSS u-i colour evolution of our different runs. The values agree well with SDSS data from Weinmann et al. (2010) for both of our model galaxies. In isolation, both galaxies have practically the same colour. Also in clusters B and C, the colour is very similar to the isolated case, although the SFR is quite different, tending slowly towards a redder colour. As soon as SF is quenched, the colour turns red quite quickly in cluster A alone; this is the case especially for the less massive galaxy on timescales of a few hundred Myr. Afterwards, reddening proceeds again at a smaller pace, comparable to galaxies that still form stars.
When SF is quenched, immediate differences can be seen at short wavelengths. Therefore, in Fig. 11 , we show a colourcolour diagram considering NUV-u versus u-r colours according to Schawinski et al. (2014) . By investigating the different paths of the model galaxies, one can infer quenching timescales as well. The grey shaded contours in these plots indicate the early-and late-type galaxy populations that we reproduced from Schawinski et al. (2014) . The colour of the lines corresponds to different paths for the distinct simulations with the shading indicating simulation time as in Figs. 9a and 9b . Every 500 h −1 Myr is indicated by a star for galaxies in a cluster environment and by a circle for galaxies in isolation. In all of the scenarios, except for the extreme RP case, the model galaxies stay within the late-type population. The path for both galaxies connects to the early-type population in cluster A alone. Whilst the more massive galaxy needs almost a h −1 Gyr to pass the region between the two galaxy populations, referred to as green valley, the transition for the smaller galaxy is much faster, taking a few hundred h −1 Myr, because SF is quenched immediately. Finally, we produce spatially resolved mock observations of the model galaxies such as those in Lupton et al. (2004) , however, we use a logarithmic stretch for the colours and mapping IR K to red, Buser B to green, and Buser U to the blue image channel following Marinacci et al. (2014) . First, to generate an image, particle colours need to be mapped to a grid. To this extent, we use the same approach as for Fig. 7 , distributing colour information of the particles with an SPH kernel to a regular grid. Afterwards, a projection of the different bands is mapped to RGB image channels to generate a 2D image. The evolution of galaxy G1a in isolation and the three model clusters (runs S2, S3, and S4) is shown in Fig. 12 , respectively. Clearly, in isolation, the spiral structure of the galaxy is retained throughout the whole simulation. Also, more blue light is coming from the spiral arms where SF is also going on at the end of the simulation. The morphology of the galaxy is almost the same in cluster A for the first ∼ 500 h −1 Myr. At pericentre passage, morphology gets distorted as a result of tidal interaction with the gravitational potential of the galaxy cluster. In both cases, a bar in the centre of the galaxy is visible and, apparently, in the cluster the spiral structure is lost. With moderate RP in run S3, the spiral structure is retained the same way as in the isolated case. However, the galaxy is redder in the last snapshot presented at t = 1.6 h −1 Gyr, as the SFR drops below the isolated case. On the other hand, in run S4, morphology gets distorted, especially in the outer parts, showing the typical patterns of tidal interaction, although the overall colour of the galaxy is the same as in run S3.
Comparison to semi-analytic models
In Sect. 3.2 we have seen that in all of the scenarios the hot gas halo is stripped almost instantaneously when RP sets in. Hence, although there are different implementations for stripping the hot gas halo (see also Sect. 3.2) in SAMs, we only consider stripping of the gasesous disk of galaxies. To this intent, using the parameters of model galaxy G1c without hot gas halo, we implement the standard stripping model for the disk, according to Gunn & Gott (1972) . Besides gas stripping, we include SF (Cora 2006; Lagos et al. 2008 ) but no models for AGN feedback. In order to determine the colour evolution, assuming instantaneous recycling The SFR of galaxy G1a in cluster A, B, and C (runs S1, S3, and S4, respectively) and galaxy G1c is depicted with solid lines. The dashed lines correspond to the SFR of galaxy G1c with standard prescriptions for RPS (Gunn & Gott 1972) and SF (Cora 2006) . In (b), the same comparison is shown for the time evolution of the galaxy colours.
approximation (e.g. Benson 2012), we calculate the metal evolution according to Springel & Hernquist (2003) . In each timestep, we assume that a SSP is being formed, calculating its mass from the current SFR and assigning current gas metallicity. An initial evolution of the stellar population of the galaxy is carried out as described in Sect. 3.4. In Fig. 13 , we compare the SFR (a) and colour evolution (b) of our simulations of model galaxy G1 in three different environments (runs S1, S3 and S4) with the evolution of the corresponding galaxy in a SAM, as described above. Thus, extracting the ICM properties along the orbit of the respective simulation, we calculate the theoretical stripping radius and stripped gas mass according to Eq. 8 in Sect. 3.2. Then, the SFR is calculated according to Eq. 3 in Cora (2006) ,
where cold gas mass is M cold and the dynamical time of the galaxy is t dyn . For the dimensionless parameter α = α 0 v vir /220 km s −1 n , we chose α 0 = 0.18 and n = 2.2 such that the SFR and total stellar mass produced after 2 h −1 Gyr in isolation resemble values of model galaxy G1c. Initially, for the cold gas mass M cold , we use the mass in the star-forming regime of model galaxy G1c.
Adopting the prescription for SFR of a SAM (12) combined with the RPS model (8) as described above, leads to the following results. Since the SFR is directly related to the available cold gas mass M cold in the disk, in cluster A the SFR drops below 1 M yr −1 at pericentre when the stripping radius attains its minimum. The same behaviour can be observed in cluster C. After pericentre passage, the remaining gas is consumed as new stars are formed, since a growing theoretical stripping radius does not provoke further stripping nor is the disk refueled by gas. In cluster B, the weak RP leads to a slow but constant mass loss that leads, however, to a lower SFR than in isolation. Comparing those results with our simulations, mainly two differences are evident. First, even a weak RP can enhance the SFR in the disk, leading to a higher SFR in cluster B than in isolation, which is not reproduced by the SAM, where the SFR is actually lower in the cluster environment. The difference is even more striking in cluster A and C. As a consequence, the simulation produces almost double the amount of stars in cluster A and C at the end of the 2 h −1 Gyr of evolution than the SAM. In cluster B, the stellar mass only differs by 26%, however. Furthermore, as RPS takes some time to strip the gas from the galaxy (see Sect. 3.2), SFR also does not drop immediately as it is the case in SAMs. So although the drop of the SFR in cluster A is very similar as in the simulation, it is delayed by a few hundred Myr. Despite those differences, at the end of the simulation the SFRs agree well in all of the cases.
The corresponding colour evolution is shown in Fig. 13b . Obviously, the differences are largest when the current SFR of simulations and SAM differ most at pericentre passage. The trend of higher SFR in the simulations compared to the SAM expectation is again reflected in the u-i colour as simulated galaxies are generally bluer. However, at the end of the simulation, again the colours coincide well between simulation and SAM, except in cluster A, where the simulated galaxy is much redder than expected from the low level of SF predicted by the SAM.
Resolution tests
Given the large dynamic range in density that needs to be covered, it is important to examine how robust our results are when the numerical resolution is changed. The initial conditions of Springel et al. (2005) for the model galaxy evolving in isolation and in combination with our SF recipe have already been subjected to a resolution study as well as a comparison between AREPO, VPH (Heß & Springel 2010) , and SPH (GADGET-2) in Heß & Springel (2012) . These studies found that the SFR grows slightly with increasing resolution, but tends to converge at high resolution. Simplified wind-tunnel (Heß & Springel 2012 ) and cosmological simulations (Vogelsberger et al. 2012) show that gas stripping is more efficient in AREPO than in SPH. Furthermore, stripping becomes less efficient with increasing resolution in AREPO.
Mixing and fluid instabilities (especially Kelvin-Helmholtz instabilities) are important processes in RPS simulations. Springel (2010) showed that comparatively such fluid instabilities are modelled accurately in AREPO thanks to its Galileaninvariance even for large bulk flows, which is the case for galaxies falling into a galaxy cluster. Also, overmixing due to advection errors in bulk flows should be reduced. Yet, limited numerical resolution can qualitatively change the outcome of simulations that are sensitive to the development of fluid instabilities, hence we carry out a numerical resolution study of our RPS simulations to quantify the uncertainty related to this.
For our resolution study, we use the trajectory and model cluster A of our fiducial case, run S1 (see Table 3 in Sect. 2.2). This rather extreme case fits best to test our simulation set-up because the galaxy experiences a very high relative velocity and encounters high ICM densities on its way through the cluster, which is best suited to test the proper functioning of the refinement of the ICM gas surrounding the galaxy.
In our resolution study, we carry out simulations of the same model with different resolutions for both ISM and ICM as well as different refinement approaches. The different runs are listed in Table 4 . First, as we are mainly interested in the evolution of the model galaxy, we change its mass resolution by factors of ten and adapt the resolution of the refined ICM in front of the galaxy accordingly. The corresponding target volume of ICM gas cells is given in Table 4 as well. The target volume is only valid for gas cells in the 'tunnel' along the trajectory of the galaxy through the cluster and is defined as the mean volume of the gas cells within the model galaxy. As a result of the gradual refinement around ISM gas cells, the resolution of ICM gas cells interacting with the galaxy is defined by the resolution of the ISM as long as the refinement of gas cells in AREPO (and rather the subsequent mesh regularisation) is fast enough. To test the behaviour related to a different target volume of the ICM, in run R5 we adopt our fiducial resolution for the galaxy but increase the ICM resolution around the galaxy, applying a target volume of 20 h −3 kpc 3 . Finally we made two additional runs, R2 and R4, where the ICM gas cells are refined to the target volume along the trajectory of the galaxy throughout the whole simulation. These simulations intend to test the influence of the mesh regularisation in the surroundings of the galaxy when ICM cells are being refined only shortly before the galaxy passes by.
First, we check the ICM properties along the trajectory of the galaxy within the galaxy cluster. In Fig. 14 we show relative velocity, density, corresponding ram pressure, and temperature of the ICM in front of the galaxy. The low resolution runs R1-R2 show a substantial scatter in velocity and temperature at the beginning of the simulation. The initial ICM resolution at that quite low density is very low in those runs and hence gas cells cannot be refined fast enough. Furthermore, the peak of ram pressure is shifted in time by about 20 h −1 Myr. On the other hand, the medium (R3-R6) and high resolution (R7) runs are in very good agreement. The amount of stripped gas for different resolutions is shown in Fig. 15 . As in the wind-tunnel experiments of Heß & Springel (2012) , stripping becomes less efficient with increasing resolution. Reassuringly, the amount of stripped gas is however in good agreement especially for the medium and high resolution run. Even at pericentre passage, the amount of stripped gas differs by only a few percent. Interestingly, the low resolution runs show less gas stripping in the outer parts of the cluster at low ICM densities. Afterwards, however, as expected more gas is stripped as the ICM density gets higher.
The SFR for the distinct runs is shown in Fig. 16 . As expected from simulations of model galaxies in isolation (Springel & Hernquist 2003; Springel 2005; Heß & Springel 2012) , SF is enhanced and converges with increasing resolution in our new simulation set-up as well. The target volume of the ICM has no influence on the SFR of the galaxy. On the other hand, at peri- Fig. 15 . Fraction of remaining ISM bound to the galaxy compared to the initial value is shown. In the runs with lower resolution, less gas is stripped at the beginning in the outskirts of the galaxy cluster, but more gas is stripped at pericentre passage. centre passage, when the galaxy has a very high relative velocity, the SFR is lower when the gas cells in front of the galaxy are refined to the target volume immediately before the galaxy passes by. This effect is evident in both low and medium resolution runs (R1-R2 and R3-R5). Related to SFR and morphology of the galaxy with different resolutions, in Fig. 17 we provide mock colour images of the galaxy for run R1, R3, and R6 after 600 h −1 Myr of evolution in the galaxy cluster. As the SFR is enhanced with higher resolution, the galaxy appears bluer in R6 but redder in R1. Furthermore, structural features, such as spiral arms, are much more pronounced at higher resolution.
These tests hence show that the new refinement strategy, which is crucial to carry out high resolution RPS simulations in realistic live models of galaxy clusters, is valid and working well. There is no influence on the amount of stripped gas when the refinement is applied. In particular, there is no relevant difference in the mixing of the gas with the ICM, and SF in the wake is not prevented either. The higher amount of gas in the starforming regime is mostly present in the disk itself, as less gas is dragged from the outskirts of the disk because of the higher resolved cells present there. Furthermore, it is very important that the gas in front of the galaxies is refined sufficiently in advance, which is an issue especially when the galaxy moves fast. This is ensured in all of our production runs.
Conclusions
In this work, we introduced a new set-up for realistic rampressure stripping simulations that employs the moving-mesh code AREPO combined with a special refinement strategy to cope with the high dynamic range in density encountered in this problem and the need to restrict the high resolution to the path of the galaxy for reasons of computational efficiency. In addition, we prevented radiative cooling in the background cluster and the computational cost this would entail through a suitable marker field. With our approach, the interaction of a live galaxy cluster with an infalling galaxy can be followed at high resolution.
We constructed several different galaxy models, including variations of the amount of gas in the halos of the galaxies, and collided these models with galaxy clusters of different mass. We then analysed the evolution of SFR, galaxy colours, and bound baryonic masses to the galaxies in comparison to control simulations carried out in isolation. Through extensive convergence tests we verified that all our conclusions are numerically robust.
In general, we find that the cold disks of our model galaxies are remarkably resilient against RPS, unless the pericentre distance of their orbit is very small and the encounter is 'deep'. Typically, the galaxies continue to form stars with only slightly modified rates as a result of the environmental interaction, and in some cases, they even show an enhanced SFR. These modifications primarily result from a stripping of the hot gaseous halos of the galaxies and, in some cases, from a compression of the ISM of the disks. We confirm that the inclination angle has only a moderate influence on the overall strength of the stripping process. The colour evolution of our galaxies, augmented with sensible assumptions about their initial age, is in good agreement with observational data.
In particular, quenching timescales do not differ significantly from isolation (τ quench > 1 h −1 Gyr). Inefficient stripping is balanced by increased SF in the RP compressed disk. Hence, the influence of RPS on galaxy quenching is mainly due to the missing gas supply from the gas halo. Only extreme, supposedly rare cases of RPS in the centre of massive clusters are able to completely strip the gas disk and quench SF on short timescales of a few hundred Myr.
Furthermore, as predicted by findings of wind-tunnel simulations, the turbulent wake of the stripped galaxies is narrower in our simulations, which include radiative cooling for the ISM, compared to previous studies of RPS in live galaxy clusters, which only implemented adiabatic gas physics. The stripped gas is heated up and diluted quickly to background temperature and density and is thus free of SF. The metallicity of stripped gas can reach near solar values but is diluted fast because of high relative velocities. After cluster passage, in all of the scenarios metallicity in stripped gas is mostly identical, although the stripped metal mass can differ by a factor of eight.
When compared to commonly employed semi-analytic prescriptions for RPS, we find that our simulations in general show less stripping than inferred in SAMs with the exact size of the mismatch depending on the details of the employed SAM. It thus seems clear that the widely reported difficulty of SAMs to account for relatively blue galaxies in dense environments may largely be a result of an inaccurate treatment of RPS. The
